INTRODUCTION

Setting and potential contamination hazards
The megacity of Kolkata, the capital of the state of West Bengal, India, is approximately 187 km 2 in area and home to a population of 4.5 million. The city is situated on the eastern bank of the River Hugli, about 130 km north of the Bay of Bengal ( Fig. 1(a) , inset), and is the main business, commercial and financial hub of the eastern and northeastern states of India. The greater metropolitan area of Kolkata is home to over 13 million residents. Part of this area, Salt Lake City ( Fig. 1(b) ), was built in the 1960s to accommodate Kolkata's burgeoning population. The township was reclaimed from wetlands, the remainder of which are now used to treat Kolkata's wastewater. This East Kolkata Wetland (EKW) ( Fig. 1(b) ) has been designated a "wetland of international importance" under the Ramsar Convention (2010) . Kolkata is located on the lower part of the deltaic alluvial plain of the southern Bengal Basin. Sedimentary deposits are fluvial, of Quaternary age, and have been continuously deposited by the River Ganges ( Fig. 1(a) ) and its tributaries and distributaries. The city is dotted with numerous industries that produce products such as jute, basic metal alloys, organic chemicals, pharmaceuticals, pulp and paper, paints and varnish, acid, pesticides, leather, and coal-based power, which are all sources of water, soil and air pollution. As in other major urban centres, these industries and the enormous population require large quantities of water, much of which is supplied by groundwater abstraction.
There are several potential sources of groundwater contamination in this area. One is the EKW, a complex of natural and human-made freshwater wetlands, which covers an area of 125 km 2 and comprises marshes with wastewater treatment areas that include sewage farms, settling ponds and oxidation basins (Sahu and Sikdar 2011) . The resource recovery system, started in 1930 and developed by the local people using wastewater from the city, is the largest in the world. The process (Fig. 2) treats the sewage (8 × 10 5 m 3 /d) and saves Kolkata City from the need to construct and maintain sewagetreatment plants ). At present, these sewage-treatment areas harbour about 300 large fish farms covering a total area of 39 km 2 , producing 10 500 tons of fish annually (Wrigley 2008) . The naturally treated effluent is also used for irrigation in the nearby farmlands, which produce 150 tons of vegetables per day (Raychaudhuri et al. 2007) .
However, the city wastewater is a mixture of domestic and industrial effluent carrying high loads of heavy metals and other contaminants, some of which are precipitated by biochemical reactions within the wetland (Chatterjee et al. 2006) . Chattopadhyay et al. (2002) have reported a relatively low flux of metals from the sewage to the fish being farmed in them, indicating that most of the heavy metals remain within the wetland system (Sikdar and Bhattacharya 2003 , Chatterjee et al. 2006 , Sahu and Sikdar 2008 . Some heavy metals are trapped in bottom sediments and farmland soil, but a portion of the contaminants is mobile enough to leach into the groundwater.
The city solid-waste dumping ground is at Dhapa (Fig. 1(b) ), where waste dumping started in 1870, and where more than 95% of the total waste generated in Kolkata is currently disposed. The dumping ground is unlined and may be another source of contamination of groundwater in the area.
Anthropogenic arsenic (As) in groundwater is confined to a small location in southwest Kolkata (Guha Mazumder et al. 1992 , Chatterjee et al. 1993 , Chakraborti et al. 1998 (Fig. 1(b) ) and is not a major problem in the city. However, naturally-occurring As (Ghosh et al. 2001 , Sahu 2008 , Chakraborti et al. 2009 (Fig. 1(b) ) could be a major threat to city groundwater should it be transported from As-rich aquifers in the north and south.
Heavy metals such as Cd, Cr, Pb, Ni and Cu, and metalloid-like As have been reported in the groundwater of Kolkata and EKW by various workers (Sikdar and Dasgupta 1997 , Ghosh et al. 2001 , Sahu and Sikdar 2008 . These metals may have originated from three possible sources: (a) solid-waste dumping grounds, (b) battery manufacturing units in southwestern Kolkata, and (c) effluent of tanneries that were located in the eastern part Kolkata for more than 50 years, but have been relocated now to the Kolkata Leather Complex (KLC) Project area at Karaidanga ( Fig. 1(b) ) on the eastern margin of the EKW. The metals may have moved into deeper parts of the aquifer through areas where the Holocene clay has been scoured and replaced by palaeo-channels (Sahu and Sikdar 2008) , in which more-permeable very fine to fine sands have been encountered during drilling ).
Groundwater use: past, present and future
In 1838, a deep borehole was drilled down to a depth of 52 m at location "A" (Fig. 1(b) In Salt Lake City ( Fig. 1(b) ), pumping began in 1969 with the construction of a single tube well with a discharge of 2.4 × 10 3 m 3 /d. At present, 19 × 10 3 m 3 /d of groundwater is abstracted for drinking and domestic purposes. At the KLC Project area ( Fig.  1(b) ), 5 × 10 3 m 3 /d of groundwater is abstracted today to meet the demand of the various industrial units. Industrial activity in the KLC Project area is likely to increase, requiring an additional 30 × 10 3 m 3 /d of water by 2025. In the absence of any other source of water, this additional need will be met from 16 new tube wells planned to be constructed in the near future.
The past and current withdrawals in Kolkata and the surrounding areas may have led to changes in groundwater flow patterns, declines in groundwater quality, land subsidence and increased pumping costs.
Future withdrawals may lead to further flow-system changes and adverse impacts. The existence of contamination on the ground surface of recharge areas for Kolkata's aquifer (in and around EKW, as demonstrated below) and in the shallow parts of the aquifer itself leads to concern regarding the viability and sustainability of the quality of this aquifer supplying water to a city of 13 million people.
Previous modelling analyses
Groundwater within this complex sedimentary aquifer system is derived from precipitation, surface water bodies and return flow of irrigation water. Although several groundwater modelling studies have been carried out in the Bengal Basin (Michael and Voss 2008 , 2009a , 2009b and in areas of Bangladesh (e.g. MPO 1987 , BGS and DPHE 2001 , JICA 2002 , Burgess et al. 2002 , only a few have focused on the Indian part of the Basin (Ghosh et al. 1999 , Mukherjee 2004 , Mukherjee et al. 2007 , McArthur et al. 2008 . During the period 1956-1993, hydraulic head in the central part of Kolkata City decreased by 10 m; indeed, a preliminary groundwater modelling study indicated that water levels across the central part of Kolkata had dropped to about 10.5 m below mean sea level (Sikdar and Dasgupta 1997) .
The work presented here is a numerical modelling study of potential groundwater flow patterns from contaminated surface sites to Kolkata's aquifer. The goals of this study are to: (a) delineate the types of location changes that may have occurred for the recharge areas of Kolkata's aquifer under past, present and future conditions; (b) assess the potential effects of future heavy groundwater withdrawal in Kolkata and EKW on groundwater flow patterns; and (c) determine the possible time scales for contamination to impact the aquifer below Kolkata City, EKW and Dhapa solid-waste dumping ground. The model simulates both regional and local flow systems and, therefore, this is a much larger study than previous Kolkata City and West Bengal modelling studies (Sikdar and Dasgupta 1997 , Ghosh et al. 1999 , Mukherjee 2004 , Mukherjee et al. 2007 , McArthur et al. 2008 .
HYDROGEOLOGICAL SETTING
Conceptual model of aquifer system
The conceptual model of the hydrostratigraphy is generalized based on observed lithological logs (Deshmukh et al. 1973) , vertical electric sounding (VES) data (Saha et al. 2002 (Saha et al. , 2006 , and the geology of the area (Sikdar 2000, Sikdar and ). The top aquitard occurs to a depth of ∼30 m below ground level, and the second occurs at a depth of 340 m and continues down to the basement, which occurs at variable depths, between 10 and 3000 m. The composition of the unit conceptually classified as aquifer between 30 and 340 m is not homogenous, because layers of silty clay and clayey silt of various dimensions are present. Most of these units occur as small lenses and cannot be correlated among boreholes. There are also some aquitards with larger spatial extent, but these do not create a laterally-extensive stack of aquifers that are fully separated hydraulically. The units of low hydraulic conductivity (K) are important because their spatial distribution reduces the ease of vertical groundwater flow. The top low-K unit is also not persistent. In places, it is incised by past channels and grades into silts and fine sand making easy passage for surface water to infiltrate to the shallow and deep portions of the aquifer. Sikdar and Sahu (2009) reported high tritium in groundwater at depths of 22 m (5.5 TU) and 92 m (4.5 TU), indicating mixing of waters of various depths.
Pumping tests carried out by various agencies in India and Bangladesh indicate that the top 200 m of aquifer sediments in the Bengal Basin behave as a single hydraulically-connected aquifer unit consisting of heterogeneous stratified unconsolidated sediments (Deshmukh et al. 1973 , MPO 1987 , CGWB 1997 ) that consist of stratified unconsolidated sediments with laterally-discontinuous lowpermeability units. Therefore, following the approach of Michael and Voss (2009b) , for the purpose of the present model development, the south Bengal Basin sediments in the model area are considered as a single large, vertically-anisotropic, aquifer system down to a consistent low-permeability unit, the Precambrian granite or Oligocene shale, or a thick Pliocene clay basement. In this approach, the vertical anisotropy (i.e. lower vertical than horizontal permeability) represents the upscaled effect of the laterally-discontinuous low-permeability zones. The degree of vertical anisotropy is not well-known and is a key uncertainty in the present analysis.
Hydrogeological properties and regional hydrology
Horizontal hydraulic conductivities (Kh) of the area in and around Kolkata and South 24-Parganas area were determined by various workers from pumping tests and grain-size analysis using the predictive method of Sikdar and Bhattacharya (2003) Hussain and Abdullah (2001) Masch and Denny (1966) ( Table 1 ). In Bangladesh, Kh values (Table 1 ) have been determined from aquifer tests conducted by the Bangladesh Water Development Board (Hussain and Abdullah 2001) .
The hydrology of the south Bengal Basin is dominated by the southwest monsoon. The average annual rainfall of this area is about 1650 mm. The months from mid-June to mid-October are characterized by heavy rainfall and over 80% of the total annual rainfall takes place during this period (CGWB 2004) . In many areas, surface water bodies coalesce during the monsoon. During the dry season, huge rivers, such as the Hugli and Damodar, small distributaries, lakes and ponds dominate the surface hydrology. During the dry season, crops are irrigated with groundwater, causing an additional decline, in addition to the seasonal decline in groundwater levels. In many areas, monsoonal rains and surface flooding are sufficient to fill the aquifer to the ground surface each year (Burgess et al. 2002) . However, in some areas, particularly in the northern Bengal Basin and near major pumping centres, evidence suggests that minimum and average groundwater levels are decreasing over time (Saha et al. 1995 , Sikdar 2000 , Sikdar and Bhattacharya 2000 , Shamsudduha et al. 2009 ).
Piezometric heads
Eighty-five (85) piezometric heads (see Appendix, 
GROUNDWATER FLOW MODEL
A groundwater flow model of the southwest Bengal Basin was developed to evaluate the spatial distribution of hydraulic heads and recharge areas under three development scenarios: pre-pumping, current pumping and possible future pumping. Groundwater flowpaths and travel times to water supply wells were evaluated by backward particle tracking from pumping areas of the EKW and Dhapa solid-waste dumping ground to recharge locations. Flowpaths and travel times from pumping areas to discharge locations were also evaluated by forward tracking of particles. Groundwater flow is considered to be in steady state for each of the development scenarios. Starting from a conceptual model of the groundwater system of the study area, an anisotropic, homogeneous, steadystate groundwater flow model of the southwestern Bengal Basin was developed. A brief overview of model development and sensitivity analysis is provided below and more detailed information on the model is given in the Appendix.
Borehole logs (Chaterji et al. 1964 , Sikdar 1996 , Sahu 2008 , pump test data (Chaterji et al. 1964 , Niyogi et al. 1966 , Bannerjee and Khan 1982 , Sikdar 1996 , Sikdar 2000 , Sahu and Sikdar 2011 and values from the literature (Table 1) were used to estimate equivalent horizontal hydraulic conductivity (Kh) and equivalent vertical hydraulic conductivity (Kv) values of the anisotropic aquifer system. The base-case hydrogeological parameters to which variations are compared are: Kh = 2.4 × 10 −4 m/s and Kv = 1.6 × 10 −7 m/s. Groundwater abstraction for domestic, irrigation and industrial purposes is calculated as described in the Appendix.
Previous simulations in the entire Bengal Basin indicate that flow systems are both local and regional (Michael and Voss 2009a) . Thus, to study the complex impacts of groundwater use on source areas to Kolkata water supply wells, numerical simulations of regional-scale groundwater flow in the south Bengal Plain are necessary. The model extends to the natural boundaries of the aquifer system: the River Ganges in the north, the Bay of Bengal in the south, the outcrop of Precambrian crystalline bedrock of the Chotanagpur Plateau in the west and the River Meghna in the east in Bangladesh ( Fig. 1(a) ). Although groundwater flow can potentially pass laterally below the large rivers, Ganges and Meghna, these are likely effective boundaries to groundwater flow extending to some significant depth below each river. The bottom of the model is a no-flow boundary and the top is a steady-state prescribed head everywhere at the surface. The boundaries at major rivers are open to lateral groundwater flow (constant hydraulic head along the vertical boundary). The western boundary is no-flow due to the crystalline rock outcrops in this location. The three-dimensional groundwater code MODFLOW (McDonald et al. 2000) was used to construct a model of the region with the pre-processor ModflowGUI (Winston 2000 and ArgusONE TM ). The model consists of 32 vertical layers of finite-difference cells with lateral cell sizes that vary from 500 m × 500 m to 5000 m × 5000 m, with a total of 930 240 cells. The transient response of the heads in the aquifer indicates that a steady-state condition is reached about 3 years after the onset of pumping, and the head changes reach 90% and 50% of their values at the new steady state in only about 2 years and 1.4 years, respectively. The most recent significant increase in Kolkata pumping took place roughly 17 years ago. Thus, consideration of steadystate conditions is appropriate for evaluating pumping impacts over time periods on the order of decades or longer.
GROUNDWATER FLOW SIMULATIONS
Head distribution and drawdown
The pre-development steady-state head distributions for the entire model area and in the Kolkata area for the depth range 100-140 m are shown in Fig. 3(a) and (b), respectively, for the base-case hydrogeological parameterization with vertical anisotropy (Kh/Kv = 1500). In the system unperturbed by pumping, groundwater flow is controlled by the regional and local topography of the water table, which is assumed to follow the land surface. The head simulated under the current-development scenario (Fig. 3(c) ) shows the development of a major hydraulic head depression in the east-central part of Kolkata City. The current-development simulated head distribution in the base-case model compares well (see Appendix, Fig. A2 ) with that of the measured head distribution ). The simulated current drawdown (with respect to the pre-development condition) ranges from 10 to 20 m in Kolkata City (Fig. 3(d) ). This region of pumping-induced drawdown controls the groundwater flow of the area and extends far beyond Kolkata City. Towards the east drawdown is less, and in the KLC Project area drawdown is about 8-10 m (Fig. 3(d) ). Sensitivity analyses of the models for different parameters under pre-development and current-development conditions reveal that the simulated horizontal flowpath lengths and travel times of groundwater from points of recharge to production wells are dependent on values of anisotropy and hydraulic conductivity. In this modelling analysis, the top boundary is a steady-state constant-head boundary and the model-calculated recharge rate to the aquifer through the upper layer is 350 m 3 /s, which is about 8.3% of the monsoonal recharge.
The head distribution (Fig. 4(a) ) due to projected future groundwater abstraction of 75 × 10 3 m 3 /d (by 2025) from Kolkata's aquifer indicates that the head will fall further by about 6 m in the central part of the depression. Additional future groundwater abstraction of 30 × 10 3 m 3 /d in only the KLC Project area leads to a simulated new area of drawdown in the eastern part of the study area that influences groundwater flow patterns and creates a groundwater divide (Fig. 4(c) ). For simultaneous additional pumping at Kolkata and KLC, the lowest head (Fig. 4(e) ) is ∼5 m lower than that simulated with future pumping in Kolkata only.
The distribution of assumed future-drawdown with respect to the current-development condition for the base-case model is shown in Fig. 4(b) , (d) and (f). Comparison of these three maps indicates that the effect of future abstraction of groundwater will be observed far beyond the city if more pumping is carried out only in the Kolkata City or in the KLC Project area (Fig. 4(b) and (d) ). If simultaneous pumping is carried out in both areas, then the cones of depression of the pumping wells in the central part of EKW will overlap and interfere with those of Kolkata City (Fig. 4(f) ). The result is that the drawdown of interfering wells will be increased with the corresponding lowering of hydraulic heads and increase in the pumping lift for the same discharge. This predicted effect will be most pronounced in the central part of the EKW.
Modelled flowpaths are tracked in the backward direction from wells to recharge locations using MODPATH (Pollock 1994) . The simulations indicate that the locations of groundwater recharge areas of Kolkata City changed significantly from pre-development to current-development conditions (Fig. 5) for both the base-case value of aquifer anisotropy (Kh/Kv = 1500) and the high-anisotropy scenario (Kh/Kv = 10 000). Under pre-development conditions, the groundwater of Kolkata City is mainly recharged from the relatively distant areas of Hugli, Howrah and South 24-Parganas (Fig. 5(a) ). Under current-development conditions for base-case parameters, groundwater is recharged predominantly from the adjoining areas of Howrah, South 24-Parganas and North 24-Parganas (Fig. 5(b) ). Some recharge also takes place from the more distant areas of Hugli, Howrah and South 24-Parganas (Fig. 5(b) ). About 10% of the water reaching the wells is simulated to recharge from the EKW (Fig. 5(b) ), which may be detrimental to Kolkata groundwater quality. Simulations with high anisotropy indicate that, under pre-development conditions, the groundwater of Kolkata City is recharged mainly from very distant areas of Bardhaman, close to the River Damodar (Fig.  5(c) ), and under current-development conditions, recharge areas are close to the pumping centres ( Fig.  5(d) ). Irrespective of the anisotropy value, pumping has caused recharge areas to migrate towards the well locations, in this case, within the area of Kolkata.
The simulations indicate that, in the future, if additional groundwater is pumped only from the KLC Project area, the current recharge areas of Kolkata's wells will not be greatly modified. However, additional pumping in Kolkata City and simultaneous additional pumping in the KLC Project area and Kolkata City starting in 2025 will develop additional recharge areas in the north, south and east.
Flowpaths from the solid-waste dumping ground at Dhapa
Modelled flowpaths were tracked in the forward direction from locations of possible groundwater contamination. Under pre-development conditions in the area that would become the solid-waste dumping ground at Dhapa, most of the simulated pathlines that start from the ground surface in the base-case model travel a very short distance underground, and come up to the surface again ( Fig. 6(a) ), indicating that, under these hydraulic conditions, contaminants from a hypothetical pre-development dumping ground would likely not have migrated far offsite, never reaching the zone of current pumping in Kolkata's aquifer. Only 9% of pathlines flow towards Kolkata from recharge locations in the dumping ground, and minimum and average travel times are 16 and 40 years, respectively (assuming a porosity of 0.2). For the aquifer case with high anisotropy only 5% of pathlines flow towards Kolkata from recharge locations in the dumping ground, and the minimum and average travel times are 18 and 23 years, respectively. Pumping imposes considerable change on the simulated flow system (Fig. 6(b) ). Under the currentdevelopment scenario, 59% of Dhapa solid-waste pathlines flow to the zone of current Kolkata City pumping. For the high-anisotropy aquifer case, only 47% of Dhapa solid-waste pathlines flow to the Kolkata City pumping zone. Simulated minimum and average travel times for different pumping scenarios are given in Table 2 .
Since the average travel time between the recharge area and the shallow and deep screen depths are 10 and 44 years, respectively, pumping of groundwater for the past 100 years (since pumping began) may have induced some pollutants (including heavy metals) in the waste-dump leachate to flow from Dhapa to Kolkata's aquifer. This is consistent with the studies of Sikdar and Dasgupta (1997) , Ghosh et al. (2001) and Sahu and Sikdar (2008) , who reported the presence of Cd, Cr, Pb, Ni and Cu, and As in the water supply wells of Kolkata, especially in east-central Kolkata, where the greatest drawdown has occurred.
Should an additional 75 × 10 3 m 3 /d be pumped from Kolkata's aquifer starting in 2025, about 62% of pathlines from the surface of Dhapa solid-waste dumping ground would reach the zone of Kolkata pumping. An additional 30 × 10 3 m 3 /d pumping in the KLC Project area alone in the future would induce 59% of the pathlines from the surface of Dhapa solid-waste dumping ground to reach the Kolkata pumping zone. Compared to current-development, additional future combined Kolkata and KLC pumping would cause the average predicted travel times of the pathlines to a depth of 100 m to be reduced by 3 years (Table 2 ). This additional pumping in the KLC Project area may hinder the movement of pollutants towards Kolkata and prolong the minimum and average travel times to reach pumping zones at depths of 30-60 m and 100-140 m compared to other assumed future-development conditions. Future simultaneous groundwater abstraction at Kolkata City and the KLC Project area would result in about 62% of water from Dhapa reaching Kolkata's primary pumping zone.
Flowpaths from the EKW
Under pre-development conditions, most of the pathlines from the surface of the EKW (tracked forward) are short and discharge within the EKW (Fig.  6(c) ). However, when current groundwater abstraction is introduced into the model, draining of the wetland water takes place (Fig. 6(d) ) and about 56% of pathlines are captured by pumping wells in Kolkata City. In practice, shrinkage of the wetlands has been prevented by artificially recharging the wetland with sewage water. Some of the flowpaths cross the arsenic-contaminated zones of the aquifer (Fig. 1(b) ) and may therefore carry the arsenic into the zone of Kolkata pumping. Under the currentdevelopment scenario, pathlines from the ground surface of the EKW may reach depths of 30 m in 4 years, and the major pumping depth of Kolkata's aquifer, 100 m, in about 28 years. If, in the future, additional groundwater is abstracted in Kolkata City and in the KLC Project area, the average time for the water to reach Kolkata's pumping depth will be reduced by about 8 years (Table 3) .
DISCUSSION
Groundwater modelling is used as a tool to analyse the vulnerability of the Kolkata water supply to contamination due to changes in the flow system induced by groundwater development. The hydrology of the region is particularly sensitive to pumping because of the low natural hydraulic gradients that result from the relatively flat fluvial-deltaic morphology, typical of several world megacities. Simulations show that, in the unperturbed pre-pumping system, there was a general southeasterly groundwater flow driven by the regional water-table topography. Further, simulations show that this flow-field must have changed significantly when extensive pumping began in Kolkata forming local depressions in the hydraulic head pattern. Additional future pumping in the KLC Project area and Kolkata City may cause a groundwater divide to form in the eastern part of the EKW, between the two cones of depression. Simultaneous additional pumping carried out at Kolkata and KLC in the future may lead to formation of two intersecting depressions, with maximum drawdown in Kolkata of about 7 m and in KLC of about 12 m. Many Kolkata City wells pump from a depth range of 100-140 m. Some of these wells produce groundwater containing heavy metals and arsenic. Under simulated natural pre-pumping flow conditions, groundwater at a depth of 100 m in Kolkata City (the future depth of city well screens) was recharged from distant locations in the northwest, where the groundwater is arsenic-free. With present Kolkata City pumping, the model shows that recharge areas migrate towards the pumping centres and that additional recharge areas may develop in the North 24-Parganas and in South 24-Parganas and Howrah districts. In the recharge areas of North 24-Parganas and South 24-Parganas, the groundwater contains high arsenic concentrations and simulations show that this water may reach the depths of the city aquifer in less than 40 years.
Other potential contamination may occur from the solid-waste dumping ground at Dhapa and the EKW. The simulations show that groundwater, which may contain toxic metals and other contaminants present in the sewage and in waste-dump leachate, will tend to migrate downwards towards the production depths of Kolkata's water wells. Simulated flow under current-pumping conditions indicates that most of the water recharged through the waste dump, vegetable farms, paddy fields and fish farms travels to Kolkata water supply well depths within 50 years. Moreover, increased future-pumping in Kolkata and the KLC Project area would accelerate the flow of pollutants from the contaminated recharge areas of the Dhapa solid-waste dumping ground and the EKW towards the Kolkata water supply well depths, decreasing travel times by 7 years, especially from areas where the upper clay bed has been eroded by past channels.
These results are based on simulated advective groundwater flow assuming a particular value of effective porosity. True travel times of groundwater could therefore be significantly faster or slower depending on the spatial distribution of effective porosity. The model results are also sensitive to the selection of specified head boundaries, and to hydraulic conductivity and vertical anisotropy values, which are uncertain. Furthermore, contaminants may be retarded relative to the groundwater flow velocity (e.g. see Stollenwerk et al. 2007) , or may be transformed by chemical processes (e.g. see Palmer and Johnson 1989) . Transport behaviour of metals such as As, Cd, Cu, Pb and Cr in groundwater is a function of factors such as pH, total dissolved metal concentration, ionic strength and aquifer material. Some of these species may be strongly adsorbed and their transport retarded. Such complexities were not considered in this analysis; the actual time to breakthrough of particular contaminants at water supply wells is dependent on geochemical and hydrogeological factors beyond the scope of this work.
CONCLUSIONS
This study highlights the possibility that the longterm development of Kolkata's aquifer as a source of clean water for more than 13 million people may be in danger. Pumping has likely induced recharge from areas of known contamination that were initially areas of groundwater discharge, which suggests that the quality of the water supply is likely to deteriorate in the future. Further modelling studies that combine flow and geochemical processes would improve estimates of the time scale and extent of the contamination threat.
A programme of regular water-level and water quality monitoring of selected drinking water wells would both characterize the state of water quality in the aquifer and serve as an early-warning system for the impending arrival of contaminants in water supply wells. Caution is warranted regarding the development of any new well fields in the area around Kolkata City, especially in the floodplains of past channels, where vertical values of hydraulic conductivity could be higher than modelled, and downwards flow of contaminated groundwater could be swifter. The adverse impact on hydraulic heads and groundwater quality of any proposed wells fitted with a motor pump in the vicinity of Dhapa solid-waste dumping ground could be assessed with additional monitoring data, and more detailed groundwater and geochemical modelling analysis. A cautious approach to management might minimize the threat of contamination to water supply wells, while preserving the waste facilities that have been developed. This might be achieved, for example, by restricting the operation time of the city pumping wells, with resulting deficiencies in water supply counterbalanced by sources such as treated surface water from the River Hugli and from roof-top rainwater harvesting.
The altered flow system modelled here is not unique. The combination of extensive pumping, a low topographic gradient, and countless sources of anthropogenic and natural groundwater contamination that bring about the water quality threat in Kolkata is typical of major urban centres of the world's low-lying floodplains and river deltas, including megacities such as Shanghai, Jakarta, Dhaka, Bangkok and Cairo. In these areas, pumping may shift aquifer recharge areas closer to the city centre, areas more likely to host groundwater contaminants. These water quality risks must be considered and managed along with those of water quantity.
APPENDIX
A1 Groundwater flow model development
A1.1 Groundwater flow boundary conditions
It is difficult to assess a groundwater flow system such as in the EKW with only a local area model, because groundwater flowpaths may span a regional scale. It is therefore necessary to consider a large-scale system with appropriate boundary conditions on the regional scale. The implications of seasonal hydrology for development of model boundary conditions are discussed in detail in Michael and Voss (2009a) . A portion of the three-dimensional MODFLOW (McDonald et al. 2000) groundwater flow model developed by Voss (2009a, 2009b) for the Bengal Basin was used in this study. The model boundaries, except the northern and eastern ones, follow those of Michael and Voss (2009a) . The northern and the eastern model boundaries are taken as the River Ganges of West Bengal and the River Meghna of Bangladesh, respectively. Eastern, northern and southern sides of the model are open, allowing free flow of water to cross these boundaries, and the western side is a vertical no-flow boundary. The bottom of the model is also a no-flow boundary (Michael and Voss 2009a) that is either the underlying granitic basement, or shale or Pliocene clay, as revealed from borehole data (Deshmukh et al. 1973 , MPO 1987 , Khan 1991 . The top of the model was considered to be under a steady-state condition with a prescribed head everywhere at the top surface equal in elevation to the ground-surface topography.
The entire model area has been divided laterally into 153 (x) × 160 (y) cells (Fig. A1) . The grid has 10 times finer discretization in the study area than the surrounding areas, with cell widths that vary from 500 to 5000 m. Fine discretization allows detailed representation of the groundwater flow in and around the EKW, while coarse discretization in the larger area allows efficient modelling of the entire regional system. Vertically, the area has been divided into seven units with differing thicknesses and vertical discretizations.
Simulating pumping by individual wells is impractical considering the huge number of irrigation, drinking and domestic pumping wells, and the large scale of the model. Therefore, irrigation, drinking and domestic abstraction, excluding Kolkata and Salt Lake City, are modelled as "areal" withdrawals (withdrawal rate specified as m 3 /"lateral area"/time). Drinking and domestic wells of Kolkata and Salt Lake City and the industrial wells of the Kolkata Leather Complex are represented individually as points. Drinking and industrial wells fitted with motorized pumps, which were identified during field visits, are incorporated individually into the model ( Fig. 1(b) ). In the rural areas, most of the irrigation wells are screened shallower than the domestic wells. Domestic pumping rates are based on population estimates for rural areas and number of wells in urban centres of Kolkata, Salt Lake City, Howrah and Haldia. Population data for the districts of West Bengal were obtained for 2001 (Census 2001) and calculated for 2005 (the reference year for this model) based on the decadal growth rate of the district during 1991-2001. Population data for the districts of Bangladesh for 1991 were used to calculate the population of 2005 by using the yearly growth rate of 2.09% (CIA 2006) .
Irrigation pumping was estimated from the proportion of the surface area irrigated in each district (WARPO 2000 , SWID 2003 ) and a yearly application depth. Boro rice is by far the most common crop, requiring about 1 m (Harvey et al. 2005) Table  A1 . For the 85 million people living in the modelled area, the total groundwater abstraction for domestic (including industrial use) and irrigation purposes is estimated to be 4 × 10 6 and 18.7 × 10 6 m 3 /d, respectively.
A1.2 Base-case hydrogeological parameters and model fit
To estimate hydrogeological parameters, such as equivalent horizontal and vertical hydraulic conductivity of the anisotropic aquifer system, a dual approach was employed. First, driller-log analysis was carried out using 24 borehole logs ranging in depth from 305 to 613 m. Hydraulic conductivity values were assigned to five sediment categories defined in the lithologs (Table A2) , including silt, sandy clay, fine sand, medium sand and coarse sand. The equivalent hydraulic conductivities for layers of infinite extent in the horizontal and vertical directions were determined by estimating the arithmetic and harmonic means respectively. Then, using the range of values obtained from driller-log analysis as a guide to plausible values, manual parameter estimation was carried out to fit the simulated values of hydraulic head in the aquifer to actual measured values. To obtain the base-case hydraulic conductivity (K) and anisotropy, models were run using 72 different combinations of arithmetic mean and log mean values of driller-log hydraulic conductivities in the horizontal direction (Kh) and in the vertical direction (Kv). Model calibration was done by evaluating root mean square (RMS) error, that is, the square root of the sum of the squared differences between the observed field data of dry season in May 2005 and the computed one under current-development conditions. The RMS error of model runs ranges from 1.42 to 31.0. The minimum RMS error (1.42) among all the tested combinations was obtained for the combination, Kh = 2.47 × 10 −4 m/s, Kv = 1.65 × 10 −7 m/s, and Kh/Kv = 1500.
For the sake of simplicity and acknowledging the approximate nature of the model, the base-case hydrogeological parameters are set to: Kh = 2.4 × 10 −4 m/s, Kv = 1.6 × 10 −7 m/s (and therefore, Kh/Kv = 1500). The plots of the simulated head data using base-case hydrogeological parameters and field head data of pre-monsoon 2005 are fairly close to the 1:1 line ( Fig. A2(a) ), indicating good agreement between the calculated and observed heads. Further, most of the residuals (Fig. A2(b) ) fall on or very close to the 1:1 line. This indicates that the assumption of normally-distributed residuals is appropriate. Finally, the residual between observed head and simulated head at 85 designated network stations in and around the EKW were plotted (Fig. A3 ). There is no apparent spatial trend in the residuals, indicating that areal zoning of K values would not likely improve the fit to the observed heads. This supports the chosen spatially uniform base-case model hydrological parameters. The differences between the observed and simulated heads are probably a cumulative manifestation of measurement errors, errors in the specified head boundaries, discrepancies in topographic elevations, and spatial variability of aquifer parameters, not accounted for in the model.
A1.3 Transient model response to pumping
The aquifer heads may or may not have been at quasisteady state following changes in the pumping rates in Kolkata City at the time scales considered in the present analysis. Quasi-steady state means that, whenever there is a change in pumping rate, the hydraulic heads in the aquifer respond quickly, coming to a new steady-state level in a time period that is shorter than the period before the Kolkata pumping rates undergo the next significant change. Therefore, the transient response of the heads in the aquifer is tested in an extreme case to find out how long the system takes to reach steady state. The extreme case tested begins in a model with no pumping, and then Kolkata pumps are suddenly turned on at the full current pumping rate. The specific yield and storage coefficient of the aquifer are set to 0.1 and 3.8 × 10 −5 , respectively (Ghosh and Roy 1996) . The length of the pumping period is set to 10 years with head results produced every year. Plots of the head versus time for the network stations (not shown) indicate that a steady-state condition is reached about 3 years after onset of pumping. Therefore, it can be assumed that at present (roughly 17 years after the most recent increase in Kolkata pumping), the system is approximately under steady-state conditions. Michael and Voss (2009a) also reported that seasonal changes in head and surface hydrological conditions are not important for predicting deep flow paths. Therefore, the groundwater flow model was run in a steady-state condition for each pumping scenario.
A2 Sensitivity analysis
In order to evaluate the impact of uncertainty in the values of important hydrogeological parameters/factors, including anisotropy, hydraulic conductivity and lateral boundary, on the modelled head and flow paths, sensitivity analyses were carried out for both pre-development and current-development conditions. The sensitivity of the model was tested by varying the parameter values/conditions from those of the base case for pre-development and current-development conditions and measuring the horizontal path length (hpl), i.e. the lateral distance from recharge to discharge, and travel time (Tables A3 and A4 ).
A2.1 Anisotropy
When the anisotropy (Kh/ Kv) is increased step-wise from 0.75 × 10 3 to 10 × 10 3 (by changing Kv while keeping Kh constant), the mean hpl increases and mean travel time increases significantly under pre-development conditions (Table A3) . Under current-development conditions, the mean hpl is less sensitive to anisotropy, while the mean travel time decreases with higher anisotropy (Table A4) . Therefore, it can be concluded that the hpl and travel time are very sensitive to change in anisotropy under pre-development, but under current-development conditions, only travel time is sensitive.
A2.2 Hydraulic conductivity
The sensitivity of the model to hydraulic conductivity is tested by (Table A3) . Under current-development conditions, with increasing K values, there is some decrease in mean hpl (Table A4 ) and some decrease in travel time. Therefore, it can be concluded that, although in the unperturbed system travel times are very sensitive to change in hydraulic conductivity of
